SUMMARY High levels of ,B-adrenergic stimulation accompany strenuous exercise, but the possibility that #-adrenergic blockade might prevent exercise conditioning has not been adequately investigated. We studied normal, sedentary men, ages 21-35 years, before and after 5 weeks of intensive aerobic conditioning. On a double-blind protocol, eight received placebo and nine propranolol throughout the conditioning period. A high level of ,B-adrenergic blockade was documented in all subjects receiving propranolol; individual mean plasma propranolol concentrations were 100-292 ng/ml. Both groups trained at comparable intensities. Graded maximal treadmill tests were performed before starting drugs or training, and were repeated 3-5 days after completing the conditioning period, when ,B-adrenergic blockade was no longer present. In subjects who received placebo, training increased exercise duration (16.4 ± 1.3 to 21.2 ± 1.5 minutes [± SEMI, p < 0.01) and maximal oxygen uptake (43.6 ± 2.9 to 52.7 ± 3.2 ml/kg/min, p < 0.05). Subjects who received propranolol had only modest improvement in exercise duration (16.0 ± 0.6 to 17.3 i 0.9 minutes, p < 0.05), and no significant change in maximal oxygen uptake (40.4 ± 1.4 to 40.9 i 0.9 ml/kg/min). With training, diastolic pressure at maximal exercise decreased in subjects who received placebo (63 ± 3 to 48 ± 3 mm Hg,p < 0.05) but was unchanged in subjects who received propranolol. Training did not alter maximal heart rate in either group. Thus, high levels of f3-adrenergic blockade markedly attenuated aerobic conditioning in these normal subjects. We conclude that ,B-adrenergic stimulation is essential in exercise conditioning.
ENDURANCE EXERCISE results in adaptive changes in the cardiovascular system known as training or conditioning effects. In normal subjects performing near-maximal exercise, the conditioning process results in greater physical work capacity, total body oxygen consumption, cardiac output, stroke volume and arteriovenous oxygen difference.1 ' At submaximal work loads, conditioning results in diminished myocardial oxygen consumption, lower heart rate and higher stroke volume.2 S Similar changes occur with exercise training in many patients with coronary artery disease. 4 6-11 The potentially favorable nature of these changes is the physiologic basis for the use of aerobic exercise programs in rehabilitating patients with coronary artery disease.
The mechanisms by which exercise-induced cardiovascular conditioning occurs are poorly understood. It is known, however, that a high level of sympathetic stimulation accompanies aerobic exercise of substantial intensity.12-14 In a recent study in dogs, regular intermittent infusions of a synthetic catecholamine, dobutamine, resulted in cardiovascular conditioning effects that resembled those achieved with regular intermittent aerobic exercise."5 These data indicate that repeated sustained sympathetic stimulation might be an important factor in exercise conditioning.
Beta-adrenergic blockade is widely used to treat coronary artery disease, and aerobic exercise is often prescribed in cardiac rehabilitation programs. If ,B-adrenergic stimulation is needed for exercise conditioning, then fi blockade might be expected to interfere with this process. To test this hypothesis, we studied 17 healthy, sedentary men before, during and after an intensive 5-week aerobic exercise program. Using a double-blind protocol, eight subjects received placebo and nine propranolol during the training period. Conditioning effects were compared in the two groups by evaluating maximal treadmill performance while the subjects were not taking drugs before and after training.
Methods
Seventeen male volunteers, ages 21-35 years, participated in the study. None had a history of cardiac or pulmonary disease or hypertension. All were nonsmokers and had not exercised regularly for at least 1 year before the study. The subjects had normal cardiovascular physical examinations, chest roentgenograms and resting ECGs. Before entry into the study, each underwent a graded maximal treadmill test to document a normal electrocardiographic response to exercise. Oxygen consumption was calculated from expired gas analysis, as described below. Subjects were then separated into pairs with similar maximal oxygen consumptions. One member of each pair was randomized to treatment with propranolol and the other to placebo. The assignment of the subjects and the monitoring of plasma propranolol levels were done by two of the authors not otherwise involved in the day-to-day conduct of the study. Neither the subjects nor the other investigators knew which subjects received propranolol.
Initially, all subjects underwent a standardized battery of tests before starting propranolol or placebo (test I). Each subject had fasted for 12 After test I, propranolol or placebo was taken orally by each subject four times daily in equal divided doses. Over a 1-week period, the dose of propranolol was adjusted to obtain a plasma level greater than 100 ng/ml 3 hours after a dose. This concentration of propranolol consistently produces a high level of #-adrenergic blockade in normal subjects, with maximal reduction of exercise tachycardia.'8 18 The total daily dose necessary to attain this plasma level ranged from 160-640 mg. At the end of this week, a second battery of tests (test II), identical to the first, was given to assess the effects of propranolol on exercise performance before training and to establish a maximal drug-influenced heart rate that could be used for exercise prescription during training. Treadmill testing was begun 3 hours after the last dose of proprano- Subjects were required to exercise at or above a minimal heart rate, which was 75% of the maximal heart rate (HRmax) attained during treadmill exercise at test II. This minimal heart rate corresponded to a similar intensity of exercise for both propranolol and placebo subjects when calculated as V02 at 75% of HRmax divided by maximal VO2, based on Vo2 measured at test II.
At the end of the fifth week of training, subjects performed a third battery of tests (test III) to assess the effects of training on exercise performance while the subject was receiving drugs. Drugs were then stopped, and the subjects continued to exercise for 3 more days while residual body stores of drugs were metabolized. Then, 3-5 days after drugs had been stopped, a final battery of tests (test IV), identical to tests I, II, and III, was performed to evaluate the effect of drug withdrawal on exercise performance by comparison with test III.
Comparison of mean intragroup changes between the four test sessions was accomplished by two-way analysis of variance, using Student-Newman-Keul's test for multiple comparisons, with p < 0.05 considered significant. The mean differences between groups were compared by unpaired, two-tailed t test. The results are reported as mean ± SEM.
Results
Description of Subjects at Entry Table 2 is a comparison of placebo and propranolol groups on entry into the study. There were no significant differences between groups in age, weight, percent body fat by skinfold measurement, initial maximal VO2 (VO2max), or treadmill exercise duration. Comparison of maximal treadmill performance before and after training in the placebo group (tests I and IV) showed a mean increase in VO2max from 43.6 ± 2.9 to 52.7 ± 3.2 ml/kg/min (p < 0.05), a 21% improvement ( fig. 1 ). Exercise duration increased from 16.4 + 1.3 to 21.2 ± 1.5 minutes (p < 0.01), a 29% improvement ( fig. 2 ). Ventilation at maximal exercise (VEmax) increased from 111 i± 8 to 144 ± 9 1/min (p < 0.01), a 30% increase ( fig. 3) . Resting heart rate (HRrest) tended to decrease, but the change was not statistically significant. HRmax, resting systolic and diastolic blood pressures (SPrest, DPrest) did not change significantly. Systolic blood pressure at maximal exercise (SPmax) was unchanged after training, but diastolic blood pressure at maximal exercise (DPmax) decreased from 63 + 3 to 48 ± 3 mm Hg (p < 0.05).
The increase in VO2max and exercise duration occurred primarily between tests II and III (i.e., during the exercise training period) ( fig. 1 ). VEmax also increased between tests II and III, but in addition increased between tests I and II (p < 0.05) and between tests III and IV (p < 0.05) ( fig. 3 ). There were no changes in resting vital capacity or FEV, at any of the four test sessions.
Effects of 13-adrenergic Blockade Before Training
After A blockade was achieved but before training commenced (test I vs test II), there were significant decreases in HRrest (63 ± 4 to 51 ± 4 beats/min, p < 0.05), HRmax (189 ± 2 to 130 ± 3 beats/min, p < 0.05), SPmax (176 ± 4 to 140 ± 5 mm Hg,p < 0.05), and exercise duration (16.0 ± 0.6 to 15.0 ± 0.8 minutes, p < 0.05). There were no significant changes resulting from the initial ,B-adrenergic blockade in VO2max, VEmax, DPmax, DPrest or SPrest.
Effect of Training in the Propranolol Group
Comparison of tests I and IV in the propranolol group shows the effect of training on maximal treadmill performance when subjects were tested in the absence of ,B-adrenergic blockade, first at entry into the study and then at the conclusion of the study after the drug had been stopped. VO2max remained unchanged after the 5-week training program (figs. 1 and 4A). There was no significant difference in VO2max between the groups before training (test I), but a highly significant difference (p < 0.002) after training (test IV The effect of propranolol on maximal exercise performance after training was assessed by comparing tests III and IV. After withdrawal of f-adrenergic blockade, VEmax increased from 114 ± 9 to 140 ± 10 1/min (p < 0.05), HRmax increased from 137 ± 3 to 189 ± 2 beats/min (p < 0.05), and HRrest increased from 49 ± 3 to 62 ± 4 beats/min (p < 0.05). There were no significant differences in VO2max, exercise duration, VCO2max, DPmax, SPrest or DPrest (figs.
3 and 4). There were no changes in resting vital capacity or FEV1 at any of the test sessions.
Discussion
Despite extensive documentation of the cardiovascular effects of exercise conditioning, the mechanisms by which this process occurs are unknown. Cardiovascular conditioning is achieved 'E max (L/min) through sustained and repeated exercise periods during which HR, arterial pressure, cardiac output and VO2 are substantially increased above resting values. High levels of sympathetic nervous system activity occur with such exercise and contribute to these increments in cardiovascular performance. Whether pharmacologic blockade of the ,B-adrenergic receptors, through which sympathetic cardiac effects are mediated, prevents or attenuates cardiovascular conditioning is the subject of this study.
We used a double-blind protocol in which the experimental group was subjected to f3-adrenergic blockade during training, but maximal exercise performance was evaluated before and after the training period when no #-adrenergic blockade was present.
The unmedicated subjects unequivocally achieved a conditioning effect, demonstrated by large increases in VO2max and exercise duration. In addition, DPmax was reduced. The overall effect of training in the propranolol group is seen in the comparison of tests I and IV, which were performed in the absence of ,B blockade. VO2max was unchanged by training and the increase in exercise duration (8%) was very small compared with that in the control group (29%). Thus, little or no cardiovascular conditioning was achieved when ,B-adrenergic stimulation during exercise training was blocked by propranolol.
In contrast to its effect on VO2max in the two groups, training resulted in comparable increases in VEmax in both groups ( figs. 3 and 4C ). In the propranolol group, the largest change in VEmax occurred between tests III and IV, which were performed after training, before and after stopping propranolol. The few additional days of training between these tests do not account for this change. We PLACEBO PROPRANOLOL I E m I7 and IV. These changes are probably due to familiarization with the testing equipment and environment, and perhaps to the subjects' desire to improve upon their previous performances. Such a "learning" effect, which does not represent a true conditioning response, occurs in serial exercise testing. 22' 23 Resting heart rates in both groups at the initiation of the study were lower than those generally reported in unconditioned subjects. These heart rates were obtained only after the subjects had rested supine in a quiet room for 30 minutes. Since these are substantially more basal conditions than are usually practiced for recording HRrest, we believe that the slower rates we reported are explained by the protocol.
We conclude that f-adrenergic blockade with propranolol markedly attenuates the cardiovascular conditioning effects of exercise in normal subjects, and that ,B-adrenergic stimulation may be the major physiologic mechanism contributing to cardiovascular conditioning through dynamic exercise. Further investigation is necessary to determine if these findings apply to patients receiving propranolol for treatment of coronary artery disease or hypertension, and to determine if less complete levels of f-adrenergic blockade or selective blockade permits a portion of the cardiovascular conditioning response to occur. EXERCISE-INDUCED blood pressure abnormalities are associated with severe coronary artery disease.' 3 Although the mechanism of exertional hypotension is not known, it has been postulated to be secondary to ischemic left ventricular dysfunction. Several studies have demonstrated reversal of the hypotensive response after coronary revascularization,' 2, 4, but it is not clear whether a medical program can achieve similar long-term results.
In this retrospective study, we assessed the longterm effects of medical management or coronary revascularization on serial exercise testing in patients with exertional hypotension.
Patients and Methods Forty patients (35 men and five women) who experienced an abnormal blood pressure response during maximal symptom-limited treadmill exercise test and had repeat testing at 12 ± 4 months were studied. The average age was 53 years (range 36-73 years). An abnormal blood pressure response to exercise was defined as either a failure of the systolic blood pressure to increase at least 10 mm Hg after the first minute of exercise (five patients) or an initial rise in systolic blood pressure but subsequent fall of more than 20 mm Hg during continued exercise (35 patients).
Each patient was exercised using the Bruce multistage treadmill protocol.6 Before the test, blood pressure and heart rate were taken with the patient supine, sitting and upright. Blood pressure and heart rate were then recorded at 1-minute intervals during exercise, immediately after exercise and every minute thereafter for [5] [6] [7] [8] [9] [10] minutes. The ECG was continuously monitored and a recording was obtained at the end of each minute using bipolar leads X, Y, modified Lewis and V,. Patients exercised to a symptom-limited end point, such as severe angina pectoris, fatigue or shortness of breath. Medications were not stopped before exercise testing. At the time of the initial test six patients were taking antihypertensive medications and three were taking propranolol. At repeat testing, four 684 CI RCU LATION
